the similar ionic radius of Ni 2+ (0.69 Å) and Li + (0.76 Å), Li + / Ni 2+ cation mixing can be easily formed in nickel-rich cathode materials. 14 Meanwhile , a large amount of Ni 4+ is formed during highly delithiated process. The strong oxidizing ability of Ni 4+ not only induces the pernicious side reactions between cathode materials and electrolyte, but also causes irreversible structural rearrangement from the original layered phase to the disordered layered in the bulk and to NiO-like rock-salt phases on the surface. Moreover, nickel-rich cathode materials occur in multiple phase transformation during charge and discharge processes, leading to mechanical stress and the pulverization of material particles. 15 Consequently, nickel-rich cathode materials generally show a gradual fading of capacity and structural stability during cycling.
Cathode materials as the most important part of LIBs account for over 40 percent of the total cost. 16 This situation can lead to the heavy use of valuable metals, such as Ni and Co. However, the resource reserves of these metals are limited, and the price of them is going up with the increasing demand. 17, 18 Meanwhile, spent LIBs are potentially hazardous due to the presence of flammable electrolyte and toxic elements. [19] [20] [21] Therefore, it is necessary to develop suitable routes to regenerate spent LIBs. The typical recycling strategies for spent LIBs can be classified into two categories: pyrometallurgy and hydrometallurgy process. 22 The hydrometallurgy process is considered to be the most promising route for the recycling of spent LIBs on account of high recovery rate, lower temperature, and desirable efficiency. 23 It is noted that the leaching solution during hydrometallurgy process contains not only valuable metals mentioned before but also some impurities, such as Cu, Fe, and Al. 24 It is worth noting that the complete separation of them leads to additional cost and complex operations.
Remarkably, many researches have proved that appropriate metal doping can improve the structural stability and the electrochemical properties of cathode materials. 25, 26 Chen et al 27 reported that Li(Co 0.5 Ni 0.5 ) 0.95 Fe 0.05 O 2 delivered lower cation mixing, better reversible capacity, and cycling performance than LiCo 0.5 Ni 0.5 O 2 . Samarasingha et al 28 ) in distilled water. The concentration of total metal ions was 1.0 mol L −1 . A 1.75 MHz ultrasonic nebulizer was applied to aerosolize the precursor solution. The droplets stream was carried into a 3-zone vertical furnace with an oxygen flow rate of 4 L min −1 . The pyrolysis temperature was maintained at 750°C. The resulting oxidation precursors were collected at the exit of the reactor. After that, the precursors were thoroughly blended with Li 2 CO 3 in a molar ratio of 1:1.05. The mixtures were sintered at 480°C for 5 hours and 750°C for 15 hours under flowing oxygen at a heating rate of 5°C min −1 . The prepared LiNi 0.8−x−y Co 0.15 Al 0.05 Cu x Fe y O 2 samples with different Cu and/or Fe doping content were labeled as (NCA) x = y = 0, (NCAC) x = 0.01, y = 0, (NCAF) x = 0, y = 0.002, and (NCACF) x = 0.008, y = 0.002.
| Sample characterization
The powder X-ray diffraction (XRD, Rint-2000, Rigaku) using CuK α radiation was used to identify the crystalline phase of the samples. XRD data were collected in the 2θ angle range from 10 to 90. Rietveld refinement was performed using the GSAS program. The microstructures and the element distribution of the samples were examined by scanning electron microscopy (SEM, JEOL, JSM-5612LV) coupled with energy dispersive X-ray spectroscopy. The composition of as-prepared samples was examined by an inductively coupled plasma atomic emission spectroscopy (ICP-AES, IRIS intrepid XSP, Thermo Electron Corporation). The
| Electrochemical measurement
The electrochemical properties of the as-prepared samples were identified using a two-electrode coin-type cell (CR2025). The working electrode was fabricated with the mixture of 80 wt.% as-prepared active material, 10 wt.% acetylene black, and 10 wt.% polyvinylidene fluoride (PVDF) binder. The slurry of mixture was applied onto an aluminum foil and then dried 120°C for 4 hours. In the process of slurry coating, the quality of the active substance was controlled about 1.60 mg cm -2 by adjusting the thickness of the coating. The resulting pole piece was punched in the form of 12-mm-diameter disks. The mixture of 1 mol L −1 LiPF6 dissolved in a mixture of ethylene carbonate (EC), ethyl methyl carbonate (EMC), and dimethyl carbonate (DMC) (1:1:1 in volume ratio) was employed as the electrolyte. The anode material is a round sheet of lithium metal with a diameter of 14 mm. The cells were assembled in a dry argon-filled glove box. Galvanostatic charge/discharge tests were conducted between 2.8 V and 4.3 V by a NEWARE BTS-51 battery tester. The lithium-ion diffusion coefficient was tested by a galvanostatic intermittent titration technique (GITT). Electrochemical impedance spectroscopy (EIS) was examined on a CHI 660A electrochemical workstation in the frequency range from 0.1 MHz to 0.01 Hz with a voltage amplitude of 5 mV.
| RESULTS AND DISCUSSION
The phase compositions of all precursors are determined by XRD. As indicated in Figure 1A , the diffraction peaks of all precursors can be indexed to NiO phase. There are no other diffraction peaks detected in XRD patterns, meaning Cu and Fe do not form signal phases during spray pyrolysis process. The morphology of all precursors is investigated by SEM, as shown in Figure S1 . The results indicate that the morphology of all precursors produced by spray pyrolysis is similar, which is spherical-like particles. The particle size of all precursors shows no significant difference, indicating that Cu and/or Fe doping has little effect on the particle agglomeration. Figure  1B shows the XRD pattern of as-prepared cathode materials. All peaks of the XRD pattern exhibit typical layered hexagonal structure of a-NaFeO 2 with a space group of R3m. The clear split of (0 0 6) and (0 1 2) peaks as well as (0 1 8) and (1 1 0) peaks for all samples indicates the formation of a wellordered layered structure. It is noted that no obvious impurity peaks are observed for all samples, indicating that Cu and/or Fe ions have been successfully entered into the crystal lattice without destroying the layered structure. Figure S2 shows the SEM images of as-prepared cathode materials. It can be seen that the spherical-like particles of the precursors have been fractured during the sintering process, leaving an irregular morphology. Similarly, there is no significant difference between all samples. The chemical formulas of the as-prepared samples are analyzed by ICP-AES, as shown in Table 1 . The results indicate that the analyzed chemical formula for all samples is in good agreement with the designated compositions during synthesis within the limits of error.
Rietveld refinement is carried out to further investigate the effect of Cu and/or Fe substitution on the crystal structure of LiNi 0.8 Co 0.15 Al 0.05 O 2 . The analyses are performed by using a hexagonal crystal (space group: R3m) as the structural model. The cationic distribution is assumed as follows: Li at the 3a sites (0, 0, 0), transition metals at the 3b sites (0, 0, 0.5), and O at the 6c site (0, 0, z). 31, 32 The total occupation of 3a, 3b, and 6c should be 1.0 because the lithium or oxygen vacancies are ignored. Therefore, the structural formulae of LiNi 0.8−x−y Co 0.15 Al 0.05 Cu x Fe y O 2 is assumed to be as follows: Figure 2 shows the Rietveld refinement results of as-prepared samples. The corresponding lattice parameters and atomic occupancies are summarized in Table 2 . It can be observed that the fitting results are in good agreement with experimental patterns. The values of reliability factors Rwp and Rp are relatively low, indicating that the structural model of Rietveld refinement is suitable. It is noted that the cation mixing is suppressed after Cu and/or Fe substitution. The amount of Ni 2+ occupied in Li layer of NCAC, NCAF, and NCACF is 0.0178, 0.0213, and 0.0136, while this amount of NCA is 0.0239. The diffusion of Li + will be hindered when Ni 2+ enter into Li layer, which leads to reduction in electrochemical performance of cathode materials. In addition, the lattice parameters of a-axes and c-axes are increased after Cu and/or Fe substitution. The reason for this expansion can be attributed to the fact that the ionic radius of Cu 2+ (0.73 Å) and Fe 3+ (0.64 Å) is larger than that of Ni 3+ (0.56 Å). It has been reported that the lattice parameter of c-axes has a significant effect on the activation barrier for Li + migration. 33 Hence, it can be expected that Cu and/or Fe substitution is beneficial to the improvement of electrochemical performance and crystal structure stability of LiNi 0.8 Co 0.15 Al 0.05 O 2 .
X-ray photoelectron spectroscope (XPS) is applied to gain information about the composition and valence state of chemical elements on the surface of materials. 34 Only Ni 2p3/2 is fitted for the XPS experiment because the fitting results can completely meet the requirement of experimental analysis. 35, 36 Figure 3 shows the XPS spectra of Ni 2p3/2 and corresponding fitting curves. It can be observed that a main peak and a satellite peaks of Ni 2p3/2 are detected at 855.19 eV and 862.26 eV, respectively. The Ni 2p3/2 can be well fitted by two peaks at 855.63 eV for Ni 3+ and 854.64 eV for Ni 2+ , indicating the valence state of Ni is a mixture of Ni 3+ and Ni 2+ . The results show that the relative ratio of Ni 3+ increases after Cu and/or Fe substitution. This phenomenon that the valence state of Ni on the sample surface increases after other trivalent or even higher valence ions doping is also observed by others. [36] [37] [38] The ionic radius of Ni 2+ and Li + is similar and hence Ni 2+ can easily migrate from transition metal slabs to lithium slabs. The decreased content of Ni 2+ on the surface is conducive to reducing the cation mixing degree of cathode material, which is consistent with the Rietveld refinement results. Figure 4A presents the initial charge-discharge curves of the as-prepared samples under a current density of 18 mA g −1 (0.1 C) between 2.8 and 4.3 V (vs Li + /Li). During the charging process, the voltage of battery is first charged to 4.3 V by constant current. Then, battery is charged by constant voltage until reaching the cutoff current. The results demonstrate that the initial charge-discharge curves of all samples are similar. The initial discharge capacity of NCA, NCAC, NCAF, and NCACF is 201. 18, 197.59, 198 .80, and 195.16 mA h g −1 , respectively. It is noted that the initial discharge capacity of Cu-and/or Fe-doped samples is slightly lower than that of the pristine sample. The transformation from Ni 3+ to Ni 4+ is mainly responsible for the charge-discharge capacity of LiNi 0.8 Co 0.15 Al 0.05 O 2 material when the cutoff voltage is between 2.8 and 4.3 V. Meanwhile, Cu and Fe ions have no electrochemical activity during this voltage range. Therefore, the substitution of Cu and/or Fe for Ni leads to the slightly decrease in discharge capacity. Figure 4B shows the cycling performance of as-prepared samples under a current density of 180 mA g −1 (1.0 C) between 2.8 and 4.3 V (vs Li + /Li). The actual current density corresponding is 0.288 mA cm −2 . It can be observed that the discharge capacity of all samples gradually decreases with the increased cycle number, and the Cu-and/or Fe-doped samples exhibited better cycling performance than the pristine samples. The first cycle discharge capacity of NCA, NCAC, NCAF, and NCACF is 180.24, 178.08, 178.36, and 177.52 mA h g −1 , respectively. The reason for the slightly capacity decrease for Cu-and/or Fe-doped samples has been explained as previously mentioned. After 100 cycle, the capacity retention of NCA, NCAC, NCAF, and NCACF is 86.62%, 91.12%, 89.19%, and 92.50%. It can be noted that the capacity retention of Cu-and/or Fe-doped samples significantly increase comparing with the pristine sample, and NCACF delivers the best cycling performance. One of the reasons for this distinct improvement in the cycling performance is related to the decreased cation mixing degree of Cu-and/or Fe-doped samples. The other is attributed to the suppression of the electrode polarization and structural collapse, caused by Cu and/or Fe ions doped into the transition metal layer. A series of Cu-and/or Fe-doped samples are prepared to judge the influence of doping amount on the cycling performance of LiNi 0.8 Co 0.15 Al 0.05 O 2 , as shown in Figure  S3 . The results reveal an appropriate amount of Cu and/or Fe substitution can improve the electrochemical properties of cathode materials. However, Cu-and/or Fe-doped samples deliver decreased capacity retention when the atomic ratio of Ni to Cu and Ni to Fe is lower than 79.0 and 399.0, respectively. Figure S4 shows the XRD patterns of as-prepared cathode materials. The corresponding lattice parameters are displayed in Table S1 . All peaks of the XRD pattern exhibit typical layered hexagonal structure of a-NaFeO 2 . In the XRD pattern of layered cathode materials, the intensity ratio of (0 0 3) to (1 0 4) is generally used to measure the degree of cation mixing. It is believed that the degree of cation mixing of materials is relatively small when the value of I (003) /I (104) is greater than 1.20. Lower value of I (003) /I (104) means higher degree of cation mixing, which is unfavorable for the electrochemical performance because the diffusion of lithium ion is hindered in the layered structure. 24 When the atomic ratio of Ni to Cu and Ni to Fe is lower than 79.0 and 399.0, the value of I (003) /I (104) is decreased compared to the pristine sample. Therefore, the cycle performance of these samples is worsened. Differential capacity (dQ/dV) profiles can be carried out to deeper understand the degree of the electrochemical irreversibility and the change of crystal structure during prolonged cycles. Figure 5 shows the corresponding dQ/dV curves of various cycles at 1.0 C rate between 2. that the dQ/dV curves for all samples are similar. There are three redox peaks in the curves, which are due to the multiphase transitions from hexagonal to monoclinic (H1 to M), monoclinic to hexagonal (M to H2), and hexagonal to hexagonal (H2 to H3). 39 As the charge-discharge processes proceeded, the redox peaks for Cu-and/or Fe-doped samples are more stable than that of the pristine sample, meaning the structure stability of Cu-and/or Fe-doped samples is increased. Additionally, it can be noted that the phase transition from H2 to H3 of Cu-and/or Fe-doped samples are weakened. The phase transition from H2 to H3 corresponds to significant lattice parameters changes, resulting in the particle pulverization and cycling performance fading. 40 Moreover, the plateaus' voltage drops of Cu-and/ or Fe-doped samples in prolonged cycles are reduced, which corresponds to a decreased electrochemical polarization. The plateaus' voltage of NCA shifts 0.135 V after 100 cycles, while the plateaus' voltage of NCAC, NCAF, and NCACF is only 0.074 V, 0.106 V, and 0.062 V, respectively. Thus, it can be indicated that Cu and/or Fe doping is beneficial to improve the cycling performance and reduce the electrochemical polarization. Figure 6A shows the rate capability of as-prepared samples from 0.1 C to 10 C between 2.8 and 4.3 V. The cells are charged and discharged at different current densities for five cycles. The discharge capacity of all samples is decreased with the increased current densities because the electrochemical polarization became remarkable at large current densities. Obviously, there is no significant difference in the discharge capacity of all samples at low current densities. This could be ascribed to the fact that Cu and/ or Fe doping leads to the slight decrease in the discharge capacity. Hence, the discharge capacity loss caused by electrochemical polarization is not reflected. However, the capacity for all the samples displays obvious differences at 5 C and 10 C rate. For instance, the discharge capacity at 10 C rate of NCAC, NCAF, and NCACF is 123.10, 113.2, and 143.12 mA h g −1 , while the NCA sample exhibits only 81.12 mA h g −1 . The corresponding discharge curves of each sample at different current densities are presented in Figure 6B -D. The NCA sample delivers the larger discharge voltage plateau drop compared with Cu and/or Fe doping samples, implying that the electrochemical polarization is inhibited by Cu and/or Fe doping especially at large current densities. Therefore, it indicated that Cu and/or Fe doping can improve rate capacity and suppress the electrochemical polarization.
The process that lithium ions are embedded and released in cathode materials is an ion diffusion process. The Li + diffusion coefficient largely determines the reaction rate and also affects the overall performance of the battery. The determination of Li + diffusion coefficient is of great significance to study the electrochemical properties of the cathode materials. Thus, galvanostatic intermittent titration technique (GITT) based on chronopotentiometry is applied to confirm the Li + diffusion coefficient of each sample under an approximate thermodynamic equilibrium condition. 41 The D Li + can be calculated with Equation (1): where m B stands for the mass of the active material (g), V m and M B stand for the molar volume and molecular weight of the samples, S stands for the area of the electrode, τ stands for the time duration during the current pulse, ΔE s stands for Figure 7I -L. It is noted that there is a straightline trend between E and τ 1/2 ; thus, the Equation (1) can be simplified as Equation (2)[42]:
Based on Equation (2), the Li + diffusion coefficient calculated from GITT as a function of voltage is shown in Figure 8 . It can be seen that all as-prepared samples have similar curves, and the Li + diffusion coefficient of Cu and/or Fe doping samples is higher compared with the pristine sample. The value of the chemical diffusion coefficient is sharply increased till about 3.7 V, and then, the value almost keeps stable. The highest Li + diffusion coefficient of NCAC, NCAF, and NCACF is about 9.97 × 10 −10 , 5.24 × 10 −10 , and 2.25 × 10 −9 cm 2 s −1 , while the NCA sample exhibits 4.65 × 10 −10 cm 2 s −1 . The results confirm that Cu and/or Fe doping can improve the chemical diffusion coefficient of Li + . The reason for the improving of Li + diffusion coefficient can attribute to decrease cation mixing after Cu and/or Fe doping. Hence, the electrochemical polarization of Cu and/or Fe doping samples can be suppressed, resulting in an improvement in discharge rate and cycling performance.
In addition to calculating the Li + diffusion coefficient of each sample with GITT test, electrochemical impedance spectroscopy (EIS) is used to study the effect of Cu and/or Fe substitution on the interfacial electrochemistry and reaction kinetics of LiNi 0.8 Co 0.15 Al 0.05 O 2 . 43 As shown in Figure 9 , both the EIS plots consist of two semicircles. The small break in the high frequency region is attributed to the solution resistance (R e ). Two semicircles in high and mid/low frequency region are assigned to the surface interface resistance (R sf ) and the charge transfer resistance (R ct ). It is noted that the resistance of Cu and/or Fe doping samples is smaller than that of the pristine sample, indicating that the electrochemical performances are improved after Cu and/or Fe doping. The impedance parameters estimated by using the equivalent circuit model are showed in Table 3 . It can be seen that the values of R e , R sf , and R ct are decreased after Cu and/or Fe doping. The values of R sf and R ct for NCA after 1 cycle are 265.12 and 381.25 Ω, respectively. However, the same values for NCACF after 1 cycle are only 160.14 and 150.47 Ω. Therefore, it can be indicated that Cu and/or Fe doping can facilitate lithium-ion migration and reduce the charge transfer resistance. During charge and discharge process, lithium-ion diffusion coefficient and charge transfer impedance are the main reasons for electrochemical polarization. The decrease in lithium-ion diffusion coefficient and the increase in charge transfer impedance will increase the electrochemical polarization during this process. According to the results of GITT and EIS tests, the lithium-ion diffusion coefficient of Cu-and/or Fedoped samples increases while the electrochemical transfer impedance decreases compared with the pristine sample. Hence, the electrochemical polarization of Cu-and/or Fe-doped samples decreased during charge and discharge process. When lithium-ion batteries are charged and discharged under high C-rate, the electrochemical polarization has a more significant impact on the electrochemical performance of the samples. Therefore, the electrochemical performance of Cu-and/or Fe-doped samples is effectively improved under high C-rate because Cu and/ or Fe doping can increase the lithium-ion diffusion coefficient and decrease the charge transfer impedance of the samples.
In order to explore the structure stability of as-prepared samples, XRD is introduced to the identify the crystalline phase of postcycled samples. All cathode electrodes are taken out at discharged state after 100 cycles. The postcycled cathode electrodes are immersed in DMC for 20 minutes, and then, the aluminum foil is removed. Figure 10 shows the XRD patterns of as-prepared samples before and after 100 cycles at 1.0 C between 2.8 and 4.3 V. The results show that the strength of the diffraction peaks of all samples decreases after cycling, indicating that all samples show different degrees of irreversible phase transition during the cycling process. The diffraction peak strength of Cu-and/or Fedoped samples is higher than that of the pristine sample, meaning that the structural stability of the doped material is improved. The change of peak position before and after cycling can also be used to reflect the change degree of crystal structure. 44 As can be seen from the partial enlarged figure, the (0 0 3) peak position of all materials after cycling is shifted to a lower angle. After Cu and/or Fe doping, the shifted value of (0 0 3) peak is smaller, indicating that Cu and/or Fe doping can effectively inhibit the structural collapse of cathode materials. In order to further study structure change at the surface of the postcycled samples, XPS is used to determine the valence state of Ni on the surface, as shown in Figure S5 . The position and strength of Ni peak are changed compared with the pristine sample due to the adverse reaction of the samples with the electrolyte and the formation of phosphorus and fluorine compounds on the surface of the postcycled samples. The results show that the content of Ni 3+ on the surface of all samples decreases. It can attribute to the partial transformation from layered structure to rock-salt structure on the surface of the cathode material during the cycling process. 45 However, the content of Ni 3+ on the surface of the doped sample is higher than that of the pristine sample, indicating that Cu and/ or Fe doping can improve the stability of the surface structure of the cathode material. addition, dQ/dV, GITT, EIS, XRD, and XPS studies confirm that Cu and/or Fe substitution can increase the Li + diffusion coefficient and structure stability, while the electrochemical polarization and the interface resistance of cathode materials are decreased. It is concluded that appropriate Cu and/or Fe substitution is beneficial to improve the electrochemical performance of LiNi 0.8 Co 0.15 Al 0.05 O 2 . Therefore, it makes sense to selectively separate Cu and Fe during the regeneration of spent lithium-ion batteries, resulting in the reduction of additional cost and complex operations.
| CONCLUSION

